The contribution of epigenetic variation to phenotypic variation is unclear. Imprinted genes, because of their strong association with epigenetic modifications, represent an 18 opportunity for the discovery of such phenomena. In mammals and flowering plants, a subset of genes are expressed from only one parental allele in a process called gene 20 imprinting. Imprinting is associated with differential DNA methylation and chromatin modifications between parental alleles. In flowering plants imprinting occurs in a seed 48 expressed state by adding DNA methylation. We also show that expression of HDG3 in strains where it is normally hypomethylated and relatively repressed causes a seed 50 development phenotype. These data indicate that naturally circulating epialleles have consequences for seed phenotypic variation. 52 4 54 DNA methylation is a heritable epigenetic mark that can, on occasion, effect
22
tissue -endosperm. Proper endosperm development is essential for the production of viable seeds. We previously showed that in Arabidopsis thaliana intraspecific imprinting 24 variation is correlated with naturally occurring DNA methylation polymorphisms. Here, we investigated the mechanisms and function of allele-specific imprinting of the class IV 26 homeodomain-Leucine zipper (HD-ZIP) transcription factor HDG3. In imprinted strains, HDG3 is expressed primarily from the methylated paternally inherited allele. We 28 manipulated the methylation state of endogenous HDG3 in a non-imprinted strain and demonstrated that methylation of a proximal transposable element is sufficient to 30 promote HDG3 expression and imprinting. Gain of HDG3 imprinting was associated with earlier endosperm cellularization and changes in seed weight. These results indicate 32 that epigenetic variation alone is sufficient to explain imprinting variation and demonstrate that epialleles can underlie variation in seed development phenotypes.
36
Author Summary
38
The contribution of genetic variation to phenotypic variation is well-established. By contrast, it is unknown how frequently epigenetic variation causes differences in 40 organismal phenotypes. Epigenetic information is closely associated with but not encoded in the DNA sequence. In practice, it is challenging to disentangle genetic 42 variation from epigenetic variation, as what appears to be epigenetic variation might have an underlying genetic basis. DNA methylation is one form of epigenetic 44 information. HDG3 encodes an endosperm specific transcription factor that exists in two states in A. thaliana natural populations: methylated and expressed and hypomethylated 46 and repressed. We show that pure epigenetic variation is sufficient to explain expression variation of HDG3 -a naturally lowly expressed allele can be switched to a higher Introduction demethylation promotes repression of the maternally-inherited HDG3 allele whereas 106 DNA methylation promotes expression (or inhibits repression) of the paternal HDG3 allele and that (2) imprinting variation is due to cis epigenetic variation at HDG3 (20).
108
However, a cis or trans genetic contribution to imprinting variation cannot be excluded because of DNA sequence polymorphisms between the strains and alleles that do and 110 do not exhibit imprinting.
Here, we show that a naturally occurring epiallele can contribute to variation in 112 seed phenotypes in Arabidopsis. We tested whether cis epigenetic variation is sufficient to explain imprinting variation by generating a methylated HDG3 Cvi allele that mimicked 114 a methylated HDG3 Col allele. We found that the HDG3 Cvi allele switched from a hypomethylated, non-imprinted, repressed state to an imprinted, paternally biased, 116 expressed state. Additionally, gain of HDG3 imprinting altered endosperm development and final seed size. These data indicate that naturally occurring epialleles can have 118 phenotypic consequences in endosperm, a tissue where methylation is dynamic as a programmed part of development.
120

Results
122
Natural variation in HDG3 imprinting is associated with gene expression differences 124
We previously showed that several genes that are imprinted in endosperm when Col is the paternal parent are not imprinted when Cvi is the paternal parent (20). To 126 further examine naturally occurring endosperm gene expression variation, we sequenced the transcriptomes of endosperm from Col x Col and Col x Cvi F1 seeds.
128
Comparison of these transcriptomes identified 957 genes that were expressed two-fold or higher in Col x Col and 1187 that were expressed two-fold or higher in Col x Cvi 130 in the endosperm (79% maternal) (S2 Fig) (8) . The correlation between high expression 156 of HDG3 and paternal allele bias in A. lyrata thus mirrors A. thaliana.
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Reduced HDG3 expression affects seed development
To examine if HDG3 influenced endosperm development, we compared seeds 160 from hdg3 mutant plants and segregating wild-type siblings in the Col background. We confirmed predominantly paternal expression of HDG3 (2, 20) by reciprocal crosses 162 between wild type and hdg3-1 mutants (Fig 2A) . When hdg3 was crossed as a female to a wild-type sibling male, expression of HDG3 was detected in endosperm in a similar 164 manner as in Col x Col (Fig 2A) . In contrast, when wild-type females were crossed to hdg3-1 mutant males, the accumulation of HDG3 transcript in endosperm was 166 dramatically affected, with no transcript detected in most cases, despite the presence of a wild-type maternally inherited allele (Fig 2A) . We assessed embryo stage and the 168 extent of endosperm cellularization for sectioned wild-type and hdg3 seeds at 5 days after pollination. Embryo development was more variable in hdg3, although this 170 difference was not statistically significant, but endosperm cellularization was significantly delayed compared to wild-type seeds (Fig 2B, S2 and S3 Table) . Reciprocal crosses 172 between wild-type and hdg3 mutant plants indicated that the endosperm cellularization phenotype was dependent on paternal genotype, consistent with HDG3 function being 174 primarily supplied from the paternally-inherited allele (S2 and S3 Table) . Additionally, the weight and area of hdg3 seeds was slightly reduced compared to Col, suggesting 176 that in the Col background HDG3 promotes seed growth or filling ( Fig 2C-D) . Several PEGs have been shown to influence seed abortion phenotypes in interploidy crosses 178 (30,31), but we found no effect of hdg3 on this process (S3 Fig) . To understand the potential molecular consequences of the loss of hdg3, we profiled endosperm gene 180 expression in wild-type Col and hdg3-1 by RNA-seq at 7 days after pollination (DAP) ( Fig 3) . 150 genes had at least two-fold higher expression upon loss of hdg3, while 238 182 genes had at least two-fold lower expression in hdg3 mutant endosperm (Fig 3, S4   Table) . Differentially expressed genes included developmental regulators such as 184 Homeobox 3 (WOX9) and gibberellin oxidases, which effect the level of a key phytohormone necessary for typical seed development (32) (Fig 3) . The loss of hdg3 186 also impacted the expression of ten imprinted genes, including the MEG HDG9 (Fig 3) .
We hypothesized that the endosperm gene expression phenotypes associated with low 188 expression of HDG3 from Cvi paternal alleles might in some respects mimic hdg3 mutants. Indeed, of the 238 genes that are down-regulated in hdg3 mutants, 100 are 190 also down regulated in Col x Cvi crosses, where HDG3 expression is also low (Fig 3) . This is a highly significant overlap (hypergeometric test in R, p = 6.079e-69) (Fig 3) .
192
These data suggest that the Cvi HDG3 allele, in its hypomethylated and relatively transcriptionally repressed state, could be important for some of the accession-specific 194 developmental traits imparted by Cvi (20, 22, 33) . Thus, to test both the imprinting mechanism and function of HDG3 further, we introduced methylation at the HDG3 locus 196 in Cvi.
198
An inverted repeat induces methylation in the region 5' of HDG3 in Cvi
To distinguish the importance of genetic variation from epigenetic variation for 200 HDG3 expression and imprinting, we generated transgenic lines in which the endogenous HDG3 Cvi allele gained methylation in the same region that is methylated in 202 Col. Cvi was transformed with a transgene consisting of an inverted repeat (HDG3 IR) of the 450 bp HDG3 5' region from Cvi under the control of the constitutive 35S promoter.
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Processing of the expressed hairpin RNA into small RNAs is expected to direct methylation to the endogenous HDG3 Cvi locus. We identified multiple independent To determine whether the Cvi allele remained methylated when paternally 210 inherited in endosperm, Cvi HDG3 IR plants from three independent transgenic lines were crossed as males to wild type Col females and DNA methylation was evaluated in 212 F1 endosperm by locus-specific bisulfite-PCR. Although the 35S promoter has been reported to have no activity in syncytial endosperm (34), we detected transcripts from 
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Methylation of the HDG3 5' region is sufficient to promote expression and imprinting 230
Having established a methylated Cvi HDG3 allele, we tested whether paternal allele methylation was sufficient to switch HDG3 from a non-imprinted, repressed state to an 232 imprinted, more active state. In two independent lines, in situ hybridization of F1 seeds from Col x Cvi HDG3 IR crosses indicated the presence of HDG3 transcript in 234 endosperm, in contrast to Col x Cvi endosperm ( Fig 5A) . Hybridization signal was primarily detected in uncellularized endosperm on the chalazal side of the peripheral 236 endosperm ( Fig 5A) . However, the penetrance of Cvi HDG3 expression was variable, with about half of the seeds exhibiting HDG3 expression detectable by in situ (Fig 5A) .
238
This might be related to the variation in methylation of the HDG3 Cvi allele in Col x Cvi HDG3 IR seeds (S6 Fig) . Analysis of total HDG3 transcript abundance by RT-qPCR at 240 6-7 days after pollination showed that HDG3 expression was 2-3-fold higher in Col x Cvi HDG3 IR endosperm compared to Col x Cvi endosperm ( Fig 5B) . Higher expression of 242 HDG3 in Col x Cvi HDG3 IR endosperm is consistent with HDG3 being more highly expressed when imprinted (Fig 1) . Thus, to measure allele-specific expression of HDG3,
244
Col and Cvi alleles were distinguished using TaqMan probes in an RT-qPCR assay. In crosses between Col females and three independent Cvi HDG3 IR lines, the fraction of 246 transcript derived from the Cvi allele increased compared to control crosses between Col females and Cvi males. In Col x Cvi, the Cvi allele accounts for 23% of the transcripts by 248 this assay, in good agreement with prior allele-specific mRNA-seq results (20). In Col x Cvi HDG3 IR lines, the Cvi fraction was between 50-60%, indicating paternal allele bias 250 (the expectation for non-imprinted genes is 33% paternal) ( Fig 5C) . This is slightly less than the fraction of paternal allele expression in Cvi x Col crosses by mRNA-seq (79%) 252 (20) . Together, these data indicate that the naturally occurring methylation variation at HDG3 is sufficient to explain imprinting variation. We conclude that the methylated Cvi seeds by sectioning and staining ( Fig 6) . In crosses with the HDG3 IR lines, endosperm 262 cellularization occurred at a significantly earlier stage of embryo development, where it was observed as early as the globular stage of embryogenesis ( Fig 6A-B , S2 and S3
264 Table) . Whereas endosperm development appeared accelerated, embryo development was significantly delayed ( Fig 6B, S2 and S3 Table) . The effect on endosperm 266 cellularization was also observed in Cvi x Cvi HDG3 IR F1 seeds, although to a lesser extent (S2, S3 Table) . Mature selfed seeds from Cvi HDG3 IR plants weighed 268 significantly less than selfed seeds from Cvi and had reduced area ( Fig 6C-D) . This is consistent with known correlations between early endosperm cellularization and the 270 production of smaller seeds (35) (36) (37) . These observations support the hypothesis that hypomethylation and repression of the Cvi HDG3 allele is important for Cvi-directed 272 developmental programs and that epiallelic variation contributes to the natural variation in seed development in Arabidopsis.
274
Discussion
276
The establishment, maintenance, and inheritance of DNA methylation are fairly well understood processes. Disruption of methylation patterns by mutations in DNA 278 methyltransferase enzymes have clear gene expression consequences. However, whether or not methylation is regulatory during development -meaning that dynamic 280 loss or gain of methylation is a normal aspect of gene regulation -is less well understood. An exception to this is in the endosperm, where active DNA demethylation in the female gamete before fertilization establishes differential DNA methylation after fertilization, a step that is essential for normal seed development (38) . We thus 284 hypothesized that the phenotypic impact of naturally occurring epialleles might be particularly evident in the endosperm, because the differential methylation between 286 maternal and paternal alleles that is required for gene imprinting could be variable across accessions (20) . We have shown that HDG3 represents a case study of this 288 proposed phenomenon. By placing a methylation trigger in Cvi (the HDG3 IR transgene), we were able to convert the Cvi HDG3 allele from a hypomethylated to a methylated 290 state. This switch in methylation was sufficient to promote expression of the paternally inherited Cvi HDG3 allele in endosperm to 3-fold higher levels. Because we altered 292 methylation at the endogenous HDG3 Cvi locus, which retains all DNA sequence polymorphisms, we have shown that methylation variation alone is sufficient to cause 294 expression, and thus imprinting, variation. However, our results also show that it is unlikely that methylation of the proximal TE accounts for all of the expression differences 296 between paternal Col and Cvi HDG3 alleles in endosperm. The paternally inherited methylated Cvi allele, while more highly expressed than paternally inherited naturally 298 hypomethylated Cvi allele, was not as highly expressed as paternally inherited methylated Col alleles in endosperm (Figs 1 and 5). Additional cis genetic or trans 300 genetic or epigenetic variation likely also affects HDG3 expression levels. Finally, it is not possible to determine from the experiments presented here whether the original 302 difference in methylation between naturally methylated and non-methylated alleles lacks any genetic basis. Cvi lacks the small RNAs associated with the 5' TE that are found in 304 many other accessions, but the ultimate cause of this difference remains unknown (S4 endosperm are refractory to de novo methylation even when a methylation trigger is present, in contrast to maternally inherited HDG3 alleles in embryos. These results 318 further support findings that once a region is actively demethylated on the maternally inherited endosperm genome, it is "protected" from de novo methylation even when 320 triggering small RNAs are present (31).
Finally, although the direct targets of the HDG3 transcription factor are still 322 unknown, we have shown that natural variation in HDG3 expression (expressed in Col, low expression in Cvi) has consequences for seed gene expression programs and 324 development (Figs 2, 3, 6 and 7). Expression of HDG3 in seeds fathered by Cvi caused dramatically early endosperm cellularization and the seeds were smaller and lighter at 326 maturity ( Fig 6) . These findings are consistent with class IV HD-ZIP genes inhibiting the cell cycle and promoting cellular differentiation (24,27). However, mutation of hdg3 in 328 Col, while displaying the predicted opposite effect on endosperm cellularization timing, also resulted in smaller seeds weighing slightly less than wild-type (Figs 2, 6 and 7).
330
Although the effects on final seed size are seemingly contradictory and the physiological basis remains incompletely understood, these results are predicted under the aegis of 332 the kinship theory (7). The theory predicts that PEGs promote maternal investment in offspring, which is consistent with the effects of the hdg3 mutation in Col (i.e. less maternal investment results in smaller seeds). Our results suggest that this effect is specific to a Col seed developmental program. In Cvi endosperm, expression of HDG3 is 336 seemingly maladaptive, leading to the production of smaller seeds. Cvi naturally produces much larger seeds than Col or Ler, although fewer in number (20,22,33) (Figs 338 2 and 6). Our results suggest that the loss of HDG3 expression in Cvi was an important part of the process that resulted in these phenotypic differences.
340
In summary, we have demonstrated that seed phenotypic differences can be caused by methylation differences at single genes. This study provides further evidence 342 that epigenetic differences underlie developmental adaptations in plants. We have previously shown that the imprinting status of many genes varies between accessions; 344 our current study argues that intraspecific variation in imprinting is an important determinant of seed developmental variation. Table) and previously published 602 bp probe for PDF1 (40) were amplified from endosperm cDNA and cloned into P-GEM T vectors (Promega). Plasmids 366 containing sense and antisense oriented fragments were identified and linear templates were amplified using M13 forward and reverse primers for probe synthesis. Antisense 368 and sense RNA probes were synthesized in vitro with digoxigenin-UTPs using T7 or SP6 polymerase (DIG RNA labeling kit, Roche/Sigma Aldrich). Probes were subsequently 370 hydrolyzed and dot blots were performed to estimate probe concentration. Prehybridization steps were preformed according to (41) 
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Materials and Methods
392
Seed staining
Plant material was fixed and embedded as previously described and sectioned at 9 μm.
394
Slides were dewaxed twice in xylenes for 5 minutes, rehydrated through a graded ethanol/0.85% salt series from 100%-30%, 1 minute each, stained in 0.6% Safranin O
396
Solution (Cat# 2016-03, Sigma Aldrich) for 5 minutes, washed with water, stained with a saturated 2.5% Aniline blue (Harleco-EMD Millipore, #128-12) in 2% glacial acetic acid 398 aqueous solution for 3 minutes, washed with water, rapidly dehydrated though graded ethanol/salt series to 100%, 5 seconds for each step, and then twice in xylenes for 5 400 minutes each. Slides were briefly drained, cover slipped and mounted with Cytoseal™ 60 (Thermo Scientific) and imaged using a Zeiss Axio Imager M2.
402
Seed phenotypic analysis 404 Previously processed slides from double staining and in situ hybridization experiments were re-examined and used for embryo and endosperm developmental analyses. Using 406 previously published endosperm cellularization and embryogenesis stages (34,44), individual seeds at 5 DAP were scored first for embryo stage and then for respective 408 endosperm stage. Endosperm stage was given a numerical score (-3 to +5) depending on the relative stage of endosperm cellularization compared to the expected endosperm 410 cellularization stage given the embryo stage. Individual seeds with matching embryogenesis and endosperm cellularization stages were scored "normal" and ranged 412 from 0-1; seeds that were scored "early" were defined as being +1.5 to +5 stages further along in the cellularization process compared to normal. Seeds that were scored 414 "delayed" were defined as being -1 to -3 stages behind in the cellularization process compared to normal. To determine whether any developmental differences in 416 endosperm cellularization or embryogenesis were statistically significant, we implemented the asymptotic generalized Pearson chi-squared test from the coin 
420
Pairwise comparisons were carried out with the R function pairwiseOrdinalIndependence from the rcompanion package. For all tests, embryo development data was collapsed 422 into three categories young (pre-globular to globular), middle (late globular to early heart), and older (heart to torpedo) and detailed endosperm cellularization data was 424 collapsed into the categories delayed, normal, and early.
426
Inverted repeat transgene
The 450 bp sequence 5' of HDG3 corresponding to a fragment of AT2TE60490 from 428 Chr2: 13740010-13740460 was amplified from Cvi (S5 Table) and cloned into the directional entry vector pENTR-TOPO-D (Invitrogen). The sequence was then inserted 430 twice in an inverted repeat conformation into the vector pFGCGW (46) with a LR clonase reaction (Invitrogen). Cvi plants were transformed with the inverted repeat transgene by 432 floral dipping and T1 lines were screened for DNA methylation using bisulfite sequencing.
T3 plants homozygous for the IR transgene and with a methylated HDG3 5' region in 434 leaves, or their T4 progeny, were identified and used for subsequent experiments.
RNA was isolated from endosperm dissected from seeds at 6 or 7 DAP as described 438 (47) 
474
replicate was sequenced to a depth of between 33 and 41 million reads. Reads were processed with Trim_galore using the command "trim_galore -q 25 --phred64 --fastqc 476 --stringency 5 --length 18". Processed reads were aligned to the TAIR10 genome with Tophat2 (51) using the command "tophat -i 30 -I 3000 --b2-very-sensitive --solexa1.3-478 quals -p 5 --segment-mismatches 1 --segment-length 18". Differential gene expression was detected with Cuffdiff2 (52) and the ARAPORT11 annotation (S1 and S2 Tables).
480
Reads are deposited in GEO GSE118371. 
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S2 Fig. HDG3 expression in A. lyrata.   S3 Fig. Tetraploid hdg3-1 does not rescue interploidy seed 640 S1 Timing Totals 0 Cvi x Col * *** ***= difference significant, padj < 0.001; **= difference significant, padj < 0.01; *=difference significant, padj < 0.05; no stars = no significant difference S5 
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Figure Legends
